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Organic-Inorganic Hybrid Photovoltaics
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Organic-Inorganic Hybrid Photovoltaics

Penn

R6

R5

R4

R3
  X

YR1
R2

130-200 
oC

organic

inorganic

•

 

Maximize spectral sensitivity with high 
optical density materials 

•

 

Tailor chemistry to control morphology to 
make 3D heterostructures

 

where n and p-

 
type materials are within the exciton

 
diffusion length

•

 

Provide driving force for charge separation
•

 

Control reaction rates to prevent 
interfacial recombination losses

•

 

Provide high mobility n-

 

and p-type 
conduits for charge transport

•

 

Engineering device interfaces
•

 

Stable and environmentally friendly 
materials and processes

•

 

Fabrication and Characterization of high 
performance solar cells by low-cost 
methods on rigid and flexible substrates



Planar versus 3D Interpenetrating PN Heterojunctions
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•

 

Structure materials on the length scale of 
the exciton

 

diffusion length (5-10 nm)
•

 

Separate bound excitons

 

in organics and 
nanostructured

 

materials
•

 

Voc

 

defined by nLUMO

 

-pHOMO

 

and losses at 
electrodes

•

 

Photons within a diffusion length 
of the depletion region ar

 

e 
separated and collected
•

 

Open circuit voltage defined by 
energy gap and doping level

n-type

p-type

intrinsic
or

depletion

Spectral Response
Si Solar Cell

Apogee Instruments

Penn



Maximizing Collection of the Solar Spectrum

Quantum confined nanostructures have molar absorption coefficients similar to molecules
BUT …. It’s the absorption/volume that matters
Red absorbing organic compounds are important
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Separation in Organic and Nanoscale
 

Materials
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insoluble soluble
heat

R CONSO

spin-coat
precursor

in air

n+ Si
SiO2

heat in N2
120-200 oC

S
N

O
RO

Tailor R to 
affect:
solubility and
photosensitivity
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Organic Semiconductors: Pentacene

“Current Induced Chemistry”
Environmental and 

operational stability
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Decreasing Channel Length
• higher current density
• faster decrease in ION
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• more dramatic shift in Vth
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Environmental and Operational Influences on Charge 
Transport in Pentacene
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Environmental and Power Dependence on Organic 
Transistor Stability
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Technologically advantageous
•

 

Lower voltage operation
•

 

Higher speed operation, by α

•

 

Study charge transport in single organic 
semiconducting grains

•

 

Role of grain boundaries on transport
•

 

Learn about the electrostatics and contacts 
of highly scaled devices
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Nanometer Scale Devices
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n+ Si
SiO2

Al2

 

O3

 

, HfO2

 

, ZrO2

Dielectrics with or without high-k metal oxide

Metals
AuPd
Ti/Au
Ti/ Pd
Ti/Pt

Dielectric layers used to reduce leakage and isolate channels
L ~15 nm –

 

100 nm

27 nm
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Fabrication of Nanometer Scale Devices

Penn



Nanometer Scale Pentacene
 

Transistors
 Vacuum vs

 
Solution Deposition

Solution Deposited via Precursor
Channel Length < Pentacene Grain Size

G. S. Tulevski, A. Afzali, T. O. Graham, C. Nuckolls, C. R. Kagan, Appl

 

Phys Lett, 89, 183101 (2006).
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•

 

grain growth different 
on metal and dielectric 
surfaces

•

 

grains span junctions
•

 

reliably well-behaved 
characteristics 
allowing statistics
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Good Electrostatics for L≥5*tox
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Device Electrostatics
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Contact resistance similar to 
that found in µm-scale devices
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Engineering Device Interfaces through
 Molecular Self-Assembly
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Yield is high (>80%)
Transconductance

 

is 25x
ION
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is 80x higher
Rc

 

100x lower
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G. S. Tulevski, Q. Maio, A. Afzali, T. O. Graham, C. R. Kagan, C. P. Nuckolls, J. Am. Chem. Soc, 128, 1788 (2006).

Chemical Manipulation of the Contacts
 in Pentacene

 
Transistors
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[1] cm2/Vs             
[2] nA/V Electronic and structural Similarity is important

Surface Modification
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Levels at Metal Interface

Lang, Avouris, Phys. Rev. B, 64, 125323 (2001)
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Charge Transfer

Schönenberger

 

et al, J. Phys. Chem. 99, 3259 (1995)

Modifying Contacts in 
Large Junctions

Akin to Grading Junctions
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Metal-Molecule Interfaces

Develop graded junctions in 
organic and nanostructured

 
materials and devices



S. Xiao, M. Myers, Q. Miao, S. Sanaur, K. Pang, M. L. Steigerwald, C. Nuckolls, Angew. Chem. Int. Ed. 44, 2

 

(2005).

G. S. Tulevski, C. P. Nuckolls, C. R. Kagan

Core-Cladding One Dimensional Photoconductors Molecular 
Architectures to Control the Flow of Charge and Energy
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spin-cast from chlorinated solvent
anneal at 150 oC



Excitation Energy (eV)
1 2 3 4 5 6

A
bs

or
pt

io
n 

(A
U

)

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

ipc  |nA
|

30

20

10

0

Absorption
ipc

Wavelength (nm)

300400500600

Orbital number

170 175 180 185 190 195 200

E
ne

rg
y 

(e
V

)

-4

-2

0

2

4

6

8

3.2 eV

5.6 eV

Absorption and Spectral Response Density Functional Theory

• Low-energy hexaradialene

 

core
• High energy, insulating alkoxyphenyl

 

cladding

Y. S. Cohen, S. Xiao, M. L. Steigerwald, C. Nuckolls, C. R. Kagan, Nano Lett. 6, 2838 (2006)

radialene

phenyl rings

mixed character

•Excitation rapidly relaxes to lowest 
energy state prior to separation
•Charge generation efficiency ~1 at 
E≥104
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One-Dimensional Photoconductivity
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Fit to stretched exponential

β

 

describes degree of dispersion

Relationship to dimensionality:
β= 1 in 3D
β= 0.5 in 1D

One-dimensional, intracolumnar

 

charge transport
through the radialene

 

core
independent of applied field or channel length

Persistent Photoconductivity and Intensity Dependence
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PbSe

Synthesis

Size Selective
Processing

Self Assembly

Pb(OAc)2

 

+ R3

 

PSe
oleic acid, 

R3

 

P, T=150 C
R= octyl

Size selective precipitation in 
solvent/ non solvent pairs like 
hexane-methanol

Evaporation 
of the 
solvent

Synthesis of PbSe
 

Nanocrystals
 

and Nanowires

C. B. Murray, S. H. Sun, W. Gaschler, H. Doyle, R. A. Betley, C. R. Kagan IBM J Res Dev 45, 47 (2001).
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Nanocrystal
 

Field-Effect Transistors

D. V. Talapin

 

& C. B. Murray. Science 310, 86 (2005).
J. J. Urban, D. V. Talapin, E. V. Shevchenko, C. R. Kagan, C. B. Murray, Nature Materials,

 

6, 115 (2007).
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Mobility:
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0.95 cm2V-1s-1
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<100>

PbSe Rocksalt
Structure

K. S. Cho, D. V. Talapin, W. Gaschler, J. Am. Chem. Soc. 127

 

7140 (2005)
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Wet-Chemical Synthesis of Semiconductor Nanowires

Scale bar is 10 nm

D. V. Talapin, C. T. Black, C. R. Kagan, E. V. Shevchenko, A. Afzali, C. B. Murray, J. Phys. Chem. C, 111, 13244 (2007). 
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Semiconductor Nanowires
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Semiconductor Nanowires
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Charge Transfer Doping of Semiconductor Nanowires
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Hydrazine (a Lewis Base)
replaces bulky oleic acid at NC surface

reduces oxidized surface sites
electron donor: passivates

 

surface traps and dangling bonds
n-type charge transfer doping
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